Human exonuclease 1 (hExo1) is a member of the RAD2/XPG structurespecific 5′-nuclease superfamily. Its dominant, processive 5′-3′ exonuclease and secondary 5′-flap endonuclease activities participate in various DNA repair, recombination, and replication processes. A single active site processes both recessed ends and 5′-flap substrates. By initiating enzyme reactions in crystals, we have trapped hExo1 reaction intermediates that reveal structures of these substrates before and after their exo-and endonucleolytic cleavage, as well as structures of uncleaved, unthreaded, and partially threaded 5′ flaps. Their distinctive 5′ ends are accommodated by a small, mobile arch in the active site that binds recessed ends at its base and threads 5′ flaps through a narrow aperture within its interior. A sequence of successive, interlocking conformational changes guides the two substrate types into a shared reaction mechanism that catalyzes their cleavage by an elaborated variant of the two-metal, in-line hydrolysis mechanism. Coupling of substrate-dependent arch motions to transition-state stabilization suppresses inappropriate or premature cleavage, enhancing processing fidelity. The striking reduction in flap conformational entropy is catalyzed, in part, by arch motions and transient binding interactions between the flap and unprocessed DNA strand. At the end of the observed reaction sequence, hExo1 resets without relinquishing DNA binding, suggesting a structural basis for its processivity.
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Rad2/XPG superfamily | DNA repair | flap endonuclease | crystallography | exonuclease H uman exonuclease 1 (hExo1) is a member of the RAD2/XPG 5′-structure-specific nuclease superfamily (Exo1, FEN1, XPG, and GEN1) that plays essential roles in three central aspects of genome maintenance (1) (2) (3) (4) : replication, repair, and recombination. The common catalytic core of this superfamily processes a variety of disparate DNA substrates (5) (6) (7) (8) , including nicked, gapped, singlestranded 5′ flaps; Holliday junctions; and bubbles. The specificity of substrate recognition and efficiency of subsequent cleavage is tailored to the biological function of each family member (1, (3) (4) (5) . hExo1 has dominant 5′-3′ exonuclease activity on nicked, gapped, or recessed-end DNA, but also cleaves 5′-flap substrates endonucleolytically (7, 8) . Its primary exonucleolytic activity is important in mismatch repair (1) , double-stranded break repair (2) , and the DNA damage response (9) . The secondary endonucleolytic activity of hExo1 is involved in processing immunoglobin class-switching recombination intermediates (10) , trinucleotide repeats (11), DNA-RNA hybrids such as Okazaki fragments (12) , and ribonucleotide excision repair (13) . hExo1 and the predominantly endonucleolytic FEN1 family member exhibit partially overlapping functions, complicating assignment of their individual biological roles (4, (11) (12) (13) . Exo1 knockout mice exhibit reduced survival, increased susceptibility to developing lymphomas (14) , and sterility in both males and females (14) . Defects in hExo1 are implicated in human cancers (15) .
Structural studies of hExo1 (16) and FEN1 (17) have shown that a single active site cleaves both 5′ recessed ends and 5′ flaps. The different termini are accommodated by a process that "threads" 5′ flaps, but not recessed ends, through the protein (18) (19) (20) . Structures of recessed substrates revealed that their 5′ phosphates are bound at the base of a conformationally diverse structural element in the active site, the mobile arch (16, 17) . The scissile bonds in these complexes are located near two catalytic Mg 2+ ions in the active site, or appear to move toward them. A 5′-flap substrate, determined in a bacteriophage T5 FEN complex, is threaded through an aperture in the interior of the mobile arch, also placing its scissile bond in close proximity to the two metals (21) . Taken together, these observations suggest that both substrate classes could adopt a common transition state within their shared active site (16, 17) .
This hypothesis has been difficult to test, because it is challenging to capture substrate or product complexes in conformations that correspond to intermediates just before or after the cleavage step without using inhibitory metals that perturb coordination geometries (16, 17) or mutations that destroy a metal-binding site (21) . Accordingly, the nature of the transition state(s) has not been established definitively (16, 17, 21) . Furthermore, conformational heterogeneity of the recessed or flap complexes observed in different experiments also prevented the direct structural comparisons required to test this hypothesis. Finally, no structures have been captured of threading intermediates, which might shed light on the mechanisms by which disparate starting structures are guided into a common transition state. We report on time-resolved trapping of 12 structures, representing intermediates in the hExo1 reaction cycle, which enabled us to address these questions.
Results
hExo1 Structure. Previously, we have shown that the catalytically active N-terminal domain (residues 1-352) of hExo1 (16) forms a Significance Human exonuclease 1 (hExo1) is a 5′-structure-specific nuclease and a member of the RAD2/XPG superfamily that plays important roles in many aspects of genome maintenance. The means by which individual family members process multiple, structurally disparate substrates has been a long-standing question. The reaction intermediate structures reported here reveal that this remarkable feat is achieved by a series of orchestrated conformational changes that guide disparate substrates into a common, catalytically competent conformation, where they are cleaved by an enhanced variant of the two-metal, in-line hydrolysis mechanism. The observed motions not only enable exo-and endonucleolytic cleavage of gapped and 5′-flap substrates, respectively, but also encode unanticipated features, including mechanisms that enhance processing fidelity and account for processivity.
bean-shaped structure (Fig. 1A) . Its common core region is structurally similar to FEN1 (16, 17) . The duplex portion of the DNA substrate is bound on the protein surface, tethered to a surface region that includes a K + /Na + -binding site [the helixtwo-turn-helix tether (H2TH)] (16). The active site is located near the point where the double-stranded DNA bifurcates into 5′ and 3′ single strands (the dsDNA "junction"), the former of which is processed (Fig. 1B) . The two-helix (α4 and α5) mobile arch and an immobile two-helix (α2 and α3) wedge domain that contains a hydrophobic region are situated at this junction (16) .
Time-Resolved Trapping of Reaction Intermediates. We have trapped DNA complexes at various stages of both exo-and endonucleolytic cleavage ( Fig. 2A and Tables S1 and S2). Substrates (Table S3) , which slows down the reaction rates and provides an anomalous signal that defines bound metal positions) and trapping intermediates by freezing the crystals in liquid nitrogen after different incubation time intervals. Mutations that substantially lowered catalytic rates, but retained metal binding, have aided trapping.
Recessed-End Cleavage. Using a substrate with a 5′ recessed end, we have identified five major stages along the exonucleolytic reaction coordinate ( Fig. 2 and Movie S1), each defined by one or more experimental structures with distinct features. Stages 1 and 2 of the reaction were both obtained before initiation by Mg 2+ or Mn 2+ addition, and are presumed to be in dynamic equilibrium with each other. In stage 1 (rI; Figs. 2 B and C and 3A and Fig. S1 ), the dsDNA portion of the substrate at the d6 base pair is bound to the H2TH tether, the u1 base contacts α2, but the junction does not form contacts with the protein. Stage 2 (rII structure; Fig. 3 ) is characterized by two important motions relative to stage 1. First, a combined translation and rotation (screw) of the DNA moves the H2TH contact to the adjacent base (d7) in the dsDNA region (Fig.  3A ). This motion "engages" the junction at the d1 base pair with the junction guide residue H36, located on the α2-α3 wedge domain (Fig. 3A) . It also organizes the unprocessed ssDNA strand to bend sharply around the wedge domain (16, 17) , moving u1 into the "hydrophobic wedge pocket" located between the α2-and α3-helices (Fig. 3 A and B) . In the second motion, the mobile arch undergoes the first of two rotations (A), thereby adopting "open" and "closed" conformations in stages 1 and 2, respectively ( Fig. 3B and Fig. S1C ). Following initiation by metal addition, we captured a third stage (structures rIV-rVII; Fig. 4 Fig. S2D ). At this stage, the DNA has twisted relative to stage 2. This motion "seats" the scissile phosphodiester bond in the active site next to two fully assembled metal-binding sites and positions a water molecule nearby (Fig. 4 and Figs. S1 A and B and S3). We interpret this stage to represent a DNA substrate just before cleavage.
In this catalytically competent DNA substrate complex, the two catalytic Mg 2+ cations (or their Mn 2+ substitutions), M1 and M2, are ∼3.6 Å apart. M1 is coordinated directly by D152, and through water-mediated interactions with D30 and D78. M2 is coordinated by D152, D171, and D173 ( Fig. 4 and Fig. S2 ). The scissile phosphodiester forms bridging interactions with both metals (Fig. 4 C-E). The water molecule is positioned appropriately for an in-line hydrolytic attack and is held in place by interactions with the N terminus, D225, and M2.
Stage 3 formation is accompanied by a second rotation of the mobile arch that "clamps" the scissile bond into place (B; Fig. 3C and Fig. S1C ). The clamped arch is stabilized by hydrogen bonds that "lock" a "latch" region at its base ( Fig. 3C ) and Fig. S4A ). The clamping motion engages two catalytically important residues, R92 and K85, to form ion pairs with a scissile bond oxygen, thereby further stabilizing the developing transition state (Figs. 3C and 4D).
In stage 3, the 5′ phosphate of the processed strand is positioned at the base of the mobile arch, where it is held in place by three interactions. First, it forms a hydrogen bond with the "junction guide" residue H36, which has flipped into a down conformation, where it remains stacked with d1 ( Fig. 4A and Fig. S2 ). Second, the "arch guide" residue, Y32, flips into a down conformation, permitting steric access of the 5′-terminal phosphate to the active site ( Fig.  4A and Fig. S2 ). Finally, a third metal binds the 5′ phosphate. The coordination sphere of this metal is completed by additional watermediated interactions at the mobile arch base ( Fig. 4A and Fig. S2 ).
We have also captured an intermediate along the path of stage 3 formation (rIII; Fig. 2 A and C). In this structure, the mobile arch position is open, not clamped, and the latch is unlocked. The two metals are both present, and the arch guide residue, Y32, has rotated down ( Fig. 2C and Fig. S4B ). However, the scissile bond is not positioned for cleavage: The metal that binds the 5′ phosphate is absent, and the two catalytic residues, R92 and K85, remain disengaged. Although the hydrolytic water molecule is present, it is not yet positioned for in-line attack.
Following stage 3, we captured a fourth stage that corresponds to the cleaved substrate with both products still in place (rVIII; Fig. 4 A-C and Fig. S2E ). This complex was captured using Mn 2+ in the D225A mutant. With wild-type enzyme and Mg 2+ or Mn
2+
, we obtain mixtures of both substrate and product in our experimental time series. In stage 4, neither the protein nor DNA has moved, but changes in the electron density around the scissile bond are consistent with its cleavage and incorporation of the attacking water into the newly formed 5′ phosphate of the resulting product (Fig.  4B) . The M1 and M2 metals coordinate the termini of the two products: M2 binds the third oxygen (formerly the attacking water) of the newly formed 5′ phosphate, and M1 binds the 3′ hydroxyl of the single-nucleotide product.
Product Release. In the final stage that we were able to capture (structure rIX; Fig. 2 ), we observed nucleotide monophosphate product release while retaining binding of the rest of the DNA substrate, accompanied by a partial reversal of the mobile arch motions. This state is challenging to obtain, because in prolonged experimental timelines, crystals become disordered as synchrony is lost and eventually dissolve. In state 5, the mobile arch has undergone the inverse B rotation and is now in its closed conformation. Consequently, the two catalytic residues, R92 and K85, are disengaged from the DNA. The Y32 arch guide has flipped into its up position, reinstating the steric block to the active site. The dsDNA junction, newly formed at d2, is disengaged from the H36 guide.
Flap Threading. Complexes with 5-nt (f 5 I) and 2-nt (f 2 I) flap substrates were captured in the absence of Mg
. In both, the dsDNA is loosely bound to the H2TH tether. In f 2 I, neither processed nor unprocessed DNA single strands were observed, and the junction is not engaged. The protein conformation and dsDNA position therefore closely resemble the stage 1 recessed substrate (rI).
In f 5 I, four of the five 5′-flap nucleotides (f2-f4) are threaded through an aperture within the mobile arch (Figs. 5 A, B , and D and Fig. S5 
Flap Cleavage. We captured a threaded, endonucleolytically cleaved, 2-nt flap complex, f 2 II, with its scissile bond placed in the active site (Fig. 5 C and D and Fig. S2F ). In this structure, the mobile arch is clamped. We calculated electron density maps for both uncleaved and cleaved models. In the former, a large (5.7-sigma contour level) negative difference electron density peak was observed at the scissile bond, which was absent in the latter, consistent with a cleaved product complex containing a 5′-phosphate. This threaded complex has therefore been trapped at stage 4, as defined by the recessed-end cleavage cycle analysis. As with recessed-ended substrates, cleavage occurred 1 bp inside the duplex region (Fig. 5B) . Accordingly, the product is a three-base, singlestranded 5′ flap (d1-f1-f2): d1 remains paired with the unprocessed strand, d1 and f1 are inside the arch aperture, and the f2 base is disordered. The two nucleotides flanking scissile bonds in this complex and the exonucleolytic cleavage product of stage 4 (rIV) are near-perfectly superimposed (Fig. 4E and Fig. S2 E and F) . The environment of the scissile bond therefore is identical in 5′-flap cleavage and recessed-end substrates. Conclusions Shared Catalytic Mechanism. We trapped structures of DNA complexes representing the exonucleolytic reaction just before and directly after the chemical cleavage step, and also captured an endonucleolytic cleavage product. In both recessed-end and 5′-flap substrates the scissile phosphodiester bond is located 1 bp in from the doublestranded junction (Fig. 4 and Fig. S2 ), consistent with the dominant cleavage site identified in solution (7, 8, 17) . This bond is positioned between two metals in the active site that are ∼3.6 Å apart, which is the correct distance for catalysis by a two-metal mechanism, as described originally for the 3′-5′ exonucleolytic reaction of Klenow fragment (KF) DNA polymerase (22, 23) . In substrate complexes, a water molecule is positioned for in-line attack of the phosphodiester bond, whereas it is absent in products, having been incorporated into the newly formed 5′ phosphate (Fig. 4 A-C) . The structural similarities to KF enabled us to construct a model of the transition state (Fig. 4D) , which revealed the clamped mobile arch transiently positions two key catalytic residues (16, 24) , K85 and R92, to stabilize the negatively charged trigonal plane formed by three oxygens in the transition state. The two bases flanking the scissile bond in the recessed-end and 5′-flap products are placed identically in the active site ( Fig. 4E and Fig. S2 E and F) . These observations therefore clearly establish that exo-and endonucleolytic cleavage share a common reaction mechanism in which nucleolysis is catalyzed by the well-known two-metal, in-line hydrolysis mechanism (22, 23) , but is elaborated by additional features that couple mobile arch motions with transition-state stabilization.
Substrate Guidance. The processed strands of recessed ends and 5′ flaps are positioned in the active site by a sequence of successive, interlocking conformational changes of the mobile arch, the two guide residues, and the DNA substrate (Fig. 2) . In the fully assembled active site, the mobile arch adopts two different forms: recessed-end 5′ phosphates bind to a third Mg 2+ coordinated to its bottom, and 5′ flaps thread through an aperture that opens up in its interior. Together, this structural plasticity and the controlled motions enable the enzyme to guide topologically disparate substrate termini into a common reaction mechanism.
Conformational Entropy Reduction. Decrease in the substrate DNA conformational diversity is a striking feature of the reaction as it proceeds toward its unique transition state. In stage 1 of the observed timeline, recessed ends and unthreaded 5′ flaps are both loosely held by the H2TH anchor. Their dsDNA junctions are disengaged from the protein, and their processed and unprocessed strands are disordered (e.g., rI, f 2 I). This disengaged state also accommodates partially threaded flaps (e.g., f 5 I), consistent with single-molecule studies of cleavage kinetics in FEN1 (18) , which indicate that the threading reaction is catalyzed at this stage. The base pair mismatch observed in f 5 I between the unprocessed and partially threaded flap strands at the entry of the mobile arch aperture suggests that threading is catalyzed, in part, by transient binding interactions between the two strands, thereby reducing flap conformational entropy.
Subsequent engagement of the dsDNA junction with the protein and positioning of the processed strand in the active site dramatically reduce substrate conformational entropy. Unprocessed single strands become ordered and are placed in the wedge domain hydrophobic pocket. At stage 3 (precleavage) and stage 4 (postcleavage), the processed ends of both recessed-end and 5′-flap substrates adopt a single conformation within the active site.
Flap threading is an example of a "fly-casting" mechanism that enhances the kinetics of searching for states with low conformational entropy. An initial binding event establishes a search volume without restricting internal motions. Subsequent formation of intermediates progressively reduces conformational degrees of freedom (25) . The loosely tethered, conformationally diverse complexes (rI and f 2 I) represent the initial, high-entropy encounter complex. Mismatch formation in f 5 I may represent a postulated intermediate that narrows the "binding funnel" of available conformations as threading proceeds. These structures therefore present a remarkable experimental manifestation of intermediates proposed in the fly-casting model for entropy reduction.
Mobile Arch Motions. We identified three mobile arch conformational states: open, closed, and clamped (the open and closed states are ensembles around an average structure, and the clamped state is near unique). Each is associated with different substrate conformational degrees of freedom. In the open state, the DNA is held loosely. In the closed state, the dsDNA junction is engaged and the two single strands are ordered. In the clamped state, the active site is fully assembled, positioning the scissile bond, attacking water, two metals, and mobile catalytic residues in a catalytically competent geometry. Mobile arch motions therefore progressively restrict substrate conformational degrees of freedom as the processed strand is guided into the active site.
In other family members, the mobile arch also is important for substrate recognition and processing, and undergoes disorder/ order transitions in FEN1 and in GEN1 (17, 21, 26) . Arch mobility enables hExo1 activity to be manipulated allosterically. For instance, poly(ADP ribose)-binding of R93 within the arch aperture is an important known control point for hExo1 (27, 28) .
Guide Residues. The side chains of H36 and Y32 switch between "up" and "down" conformations. These residues are located on the α2-helix of the immobile wedge domain, adjacent to the mobile arch. H36 is a principal attachment point for seated dsDNA junctions, interacting with the d1 base of the processed strand, and H36A is 150-fold reduced in catalytic activity (16) . The Y32 conformation controls 5′-end binding, and Y32A is 20-fold reduced in activity (16) . As the mobile arch transitions from the closed state to the clamped state and the seated substrate rotates into the active site, H36 flips from the up conformation to the down conformation. This motion maintains the contact with d1, and therefore is a key contribution to the proper seating of the scissile bond, which is located between d1
and d2. Formation of the clamped mobile arch conformation also requires that Y32 flips to its down position either to maintain flap threading or to enable steric accessibility of the recessed-end 5′ phosphate-binding site. Both H36 and Y32 therefore function as steric guides that couple mobile arch motions to seating of substrates. Processing Fidelity. The clamped mobile arch conformation positions the two key catalytic residues K85 and R92, which are important for catalysis (16, 24) . This state cannot form with incorrectly or incompletely bound substrates such as partially threaded 5′ flaps, in which the dsDNA junction is not seated and the guide residues are not triggered. Coupling transition stabilization to arch motions therefore enhances processing fidelity by suppressing inappropriate or premature substrate cleavage.
Processivity. Nucleotide monophosphate product release is accompanied by partial reversal of the conformational sequence without relinquishing bound DNA. The mobile arch unclamps, and the dsDNA junction disengages, resulting in a loosely held substrate tethered at H2TH. This resetting motion suggests a structural basis for the observed processivity of hExo1 exonuclease activity (29, 30) .
Reseating would translocate the protein along the DNA by 1 bp, analogous to the motion of the substrate engagement step that followed initiation of the experimental timeline (Movie S2).
Evolution of Substrate Guidance Mechanisms. The residues encoding the enhanced two-metal mechanism are highly conserved in the RAD2/XPG family. These residues include seven carboxylates that coordinate the two metals, either directly (D152, D171, and D173) or through a bound water (D30 and D78); D225, which orients the attacking water; and E150, which undergoes a conformational change in the clamped conformation, orienting K85. Where tested, their mutagenesis results in loss of activity (16, 31) . The K85 and R92 that encode transient stabilization of the transition state are highly conserved, whereas the rest of the mobile arch sequence is not. This pattern of conservation might be expected if catalytic and processing fidelity mechanisms are common to all members, whereas the arch encodes substrate guidance specializations.
Materials and Methods
Crystallization and in Crystallo Enzyme Reaction. The wild-type and mutant proteins were prepared as described previously (16) . Oligonucleotides (Integrated DNA Technologies, Inc.; Table S3 ) were prepared as previously described (16) . The 5′ ends of processed strands were terminated with a phosphate; all other 5′ and 3′ termini were protected with a phosphorothioate linkage. Complexes were prepared by combining 150 μM with 200 μM DNA substrate and incubating at 4°C for 30 min. Crystals were obtained by sittingdrop vapor diffusion at 17°C, mixing 100 μL of complex with 100 μL of precipitant solution [100 mM NaOAc (pH 7.0), 10 mM KCl, 2-4% PEG 4000]. Most crystals with recessed-end DNA appeared within 1 h after setting up trays, and crystals with 5′-flap substrates appeared after 2-4 d. Sixteen hours after their appearance, crystals were transferred into cryoprotectant solution (mother liquor with 35% ethylene glycol) for 10 min. For time-resolved experiments, the reaction was initiated by transfer into cryoprotectant supplemented with 10-20 mM MgCl 2 or MnCl 2 . Crystals were flash-frozen in liquid nitrogen to stop the reaction at varying time intervals (∼1-600 s).
